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Fast, accurate nucleotide incorporation by polymer-
ases facilitates expression and maintenance of
genomes. Many polymerases use conformational
dynamics of a conserved a helix to permit efficient
nucleotide addition only when the correct nucleotide
substrate is bound. This a helix is missing in struc-
tures of RNA-dependent RNA polymerases (RdRps)
and RTs. Here, we use solution-state nuclear mag-
netic resonance to demonstrate that the conforma-
tion of conserved structural motif D of an RdRp
is linked to the nature (correct versus incorrect) of
the bound nucleotide and the protonation state of
a conserved, motif-D lysine. Structural data also
reveal the inability of motif D to achieve its optimal
conformation after incorporation of an incorrect
nucleotide. Functional data are consistent with the
conformational change of motif D becoming rate
limiting during and after nucleotidemisincorporation.
We conclude that motif D of RdRps and, by infer-
ence, RTs is the functional equivalent to the fidelity
helix of other polymerases.
INTRODUCTION
Positive-strand RNA viruses cause a number of acute and
chronic diseases, including the common cold, myocarditis,
encephalitis, hepatitis, and paralytic poliomyelitis (Knipe et al.,
2007). Establishment of a population of distinct genetic variants
contributes to the fitness of RNA viruses, including retroviruses,
and is likely responsible for the ability of these viruses to escape
bottlenecks and defenses of the host that would otherwise force
the virus into extinction (Vignuzzi et al., 2006). It is now clear
that virus population diversity is caused by nucleotide misincor-
poration of the viral RNA-dependent RNA polymerase (RdRp)
(Arnold et al., 2005; Crotty et al., 2000; Pfeiffer and Kirkegaard,
2003) or RT (Anderson et al., 2004). Kinetic studies have sug-
gested that the nucleotidyl transfer chemical step and a confor-
mational change step preceding chemistry represent fidelityStructure 20, 1519–15checkpoints for RdRps and RTs (Arnold and Cameron, 2004;
Kati et al., 1992; Kellinger and Johnson, 2010). The structural
basis for these checkpoints, however, remains unknown.
RdRps and RTs belong to a superfamily of template-directed
nucleic acid polymerases, including DNA-dependent DNA
polymerases (DdDp) and DNA-dependent RNA polymerases
(DdRp). The polymerases share a ‘‘cupped right hand’’ structure,
including palm, fingers, and thumb domains (Ng et al., 2008),
catalyze phosphodiester bond formation through a conserved
two metal ion mechanism and share a similar kinetic mechanism
(Joyce and Steitz, 1995; Steitz, 1999) (Figure 1). Single subunit
DdDps and DdRps use the movement of an a helix (helix O in
A-family and helix P in B-family polymerases) to complete the
architecture of their active-sites (Franklin et al., 2001; Kaushik
et al., 1996; Kiefer et al., 1998; Li et al., 1998; Tahirov et al.,
2002; Temiakov et al., 2004; Yin and Steitz, 2002, 2004). The
stability and equilibrium position of this helix is known to tune
the efficiency of nucleotidyl transfer to the nature (correct versus
incorrect) of the incoming nucleotide (Franklin et al., 2001;
Johnson and Beese, 2004; Kiefer et al., 1998; Wu and Beese,
2011). However, an equivalent helix is absent in viral RdRps
and RTs (O’Reilly and Kao, 1998).
Studies of the chemical mechanisms of single-subunit poly-
merases have suggested the use of a general acid to protonate
the pyrophosphate leaving group during nucleotidyl transfer
(Castro et al., 2007, 2009). The proton transfer reaction, while
not essential to catalysis, enhances the rate of nucleotidyl
transfer 50- to 2,000-fold. The general acid has been suggested
to be a conserved lysine residue on helix O/P of A-/B-family
members, or palm motif D of RdRps and RTs (Castro et al.,
2009). Until recently, there was no function associated with
conserved structural motif D in RdRps and RTs (Canard et al.,
1999; O’Reilly and Kao, 1998).
Here, we use solution-state nuclear magnetic resonance
(NMR) to identify the structural determinants of catalytic effi-
ciency and fidelity of a prototypical RdRp. These studies re-
vealed that the structure of motif D is sensitive to formation of
ternary complexes with both correct and incorrect nucleotide.
Moreover, the protonation state of the motif-D lysine governs
the open-closed conformational equilibrium, and mutation of
the lysine leads to a dramatic increase in the fidelity of the
polymerase reaction. We conclude that motif D of RdRps,
and by inference RTs, is the structural and functional analog of27, September 5, 2012 ª2012 Elsevier Ltd All rights reserved 1519
Figure 1. Structural Changes to PV RdRp Motif
D upon Nucleotide Binding as Observed by Solu-
tion-State NMR Are Not Revealed by Crystal
Structures
(A) RdRp kinetic mechanism includes a prechemistry
conformational rearrangement (step 2) required for cata-
lytic competence of the RdRp-RNA-NTP complex in the
forward (nucleotide incorporation) direction.
(B) The structure of viral RdRps is said to resemble
a ‘‘cupped right hand’’ with fingers, palm, and thumb
subdomains. Sequence and structural alignments have
identified seven conserved structural motifs in RdRps and
RTs (A, red; B, green; C, yellow; D, blue; E, orange; F, cyan;
G, purple).
(C) Biochemical studies have implicated a conservedmotif
D lysine in RdRps (Lys359 in the PV RdRp) as a general-
acid catalyst (Castro et al., 2009). As the transition state
of nucleotidyl transfer (chemistry, step 3) is approached
the primer 30-OH proton, Ha, is abstracted by an uniden-
tified base and the pyrophosphate leaving group is pro-
tonated (Hb) by the lysine general acid. Primer terminus,
blue; nucleoside triphosphate, green.
(D) PV RdRp conformational rearrangements suggested
by X-ray crystallography fail to demonstrate realignment of
the motif-D general acid (Lys359) and show little to no
changes in the position of five NMR probes (Met6, Met74,
Met225, Met354 and Met394) or their surrounding envi-
ronments. Overlapping crystal structures for the RNA-
bound complex before (PDB 3OL6, blue) and after (PDB
3OL7, green) nucleotide addition, with Met NMR probes
and general acid Lys359 shown as spheres.
(E) Closeup view of the motif-D loop containing Met354
and Lys359 (PDB 3OL7). The terminal amine group on the
side chain of Lys359 appears to be too distant to perform
general acid catalysis, although the structure presented is
after CMP incorporation. Conformational changes in the
motif-D loop would reposition Met354 and affect its
associated chemical shift.
(F) The open-complex to closed-complex structural
transition upon correct nucleotide binding observed by
solution-state NMR reveals repositioning of motif D. Met
resonances in black are for free RdRp, in blue for the
RdRp-RNA complex and in green are upon binding of
correct UTP to RdRp-RNA. Arrows indicate chemical shift
changes for three Met NMR probes that are particularly
sensitive to nucleotide binding. The largest chemical shift change elicited by UTP binding is observed for Met354, which is located in motif D near the general
acid catalyst Lys359. Spectra were collected at 293 K with 245 mM RdRp, 500 mM RNA, and 4 mM UTP.
See also Figure S1.
Structure
Motif D of the Viral RdRphelix O/P of A-/B-family polymerases. Mutations to the motif-D
lysine could serve as a starting framework for the design of
live, attenuated vaccine viral strains as has been shown with
other fidelity-governing mutations in RdRps (Vignuzzi et al.,
2006, 2008).
RESULTS
Movement of Motif D Facilitates Active-Site Closure
Poliovirus (PV) RdRp has been extensively studied both kineti-
cally and structurally (Ng et al., 2008), and thus represents
a good model system for the study of RdRps, and by extension,
RTs. Previous structural and sequence alignments have
identified seven conserved structural motifs (A–G) in RdRps
(O’Reilly and Kao, 1998); five of the motifs (A–E) reside in the
palm subdomain (Figure 1B). Most motifs have been assigned1520 Structure 20, 1519–1527, September 5, 2012 ª2012 Elsevier Ltfunctions. For example, motifs A and C contain the absolutely
conserved Asp residues important for chelating divalent metal
ions (Figure 1C). Residues in motifs A–C have also been impli-
cated in nucleotide and sugar binding and discrimination
(Ng et al., 2008). However, until recently, structural motif D had
no assigned function (Castro et al., 2009).
We previously assigned the [methyl-13C]methionine NMR
spectrum of PV RdRp (Yang et al., 2010) and monitored the
chemical shift changes in response to RNA binding, and
formation of the correct RdRp-RNA-NTP ternary complex
(Figure 1E; see Figure S1A, available online, for experimental
outline) (Yang et al., 2010). Met354, located in structural motif
D and near the proposed general acid Lys359, undergoes the
largest chemical shift change upon formation of the RdRp-
RNA-NTP ternary complex (Figure 1E). Other notable chemi-
cal shift changes include those to Met74 and Met225, whichd All rights reserved
Figure 2. Formation of the Closed Ternary Complex Depends on the
Protonation State of the Motif-D Lysine
(A) A proton on Lys359 is required to form the closed complex. (inset) Met354
resonances for the RdRp-RNA-ternary complex at pH 6.1 (black) and 9.7 (red).
At pH 9.7, the Met354 resonance shifts to the open complex position. The
relative peak intensity of the Met354 resonance in the closed complex state
(Intensity(pH n)/Intensity(pH 6.1) 3 100%) plotted versus pH was used to
determine that the open to closed transition is associatedwith a pKa of 9.2. The
data were fit to a model describing a single-ionizable group.
(B) Formation of the closed complex at high pH is restored by substitution of
Lys359 with Arg, consistent with the higher pKa of Arg. Met resonances for
K359RRdRp-RNA-UTP ternary complexes at pH 7.8 are in black and at 9.7 are
in green. The Met354 resonance remains unchanged between different pH
regimes and is consistent with formation of the closed complex.
(C) Changes in the rate constants for correct nucleotide incorporation are not
due to structural differences between WT and K359R PV RdRp-RNA-NTP
ternary complexes. Met resonances for WT (black) and K359R (green) RdRp-
RNA-NTP ternary complexes at pH 8.0 are nearly identical.
(D) Substitution of Lys359 with Met does not support the formation of a closed
ternary complex. Met resonances for K359M RdRp-RNA binary complexes in
the absence or presence of UTP are in black or magenta, respectively. There
were small chemical shift changes to Met6, Met354 and Met394 consistent
with UTP binding but these are not indicative of a closed complex. All spectra
were collected at 293 K with 245 mM RdRp, 500 mM RNA, and 4 mM UTP
(where included).
See also Figure S2.
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Motif D of the Viral RdRpare located on structural elements that make direct interac-
tions with motif D. The a helix containing Met74 interacts
with motif D through the H-bond interaction between Asp71
and Tyr350, and the short loop containing Met225 and the
flanking b strand (Lys228-Thr235) are closely packed against
the motif-D loop (Figure S1C). Chemical shift changes to
Met74, Met225, and Met354 thus can report on structural re-
arrangements in motif D. It should be noted that binding of
NTP alone does not induce chemical shift changes to these
Met resonances (Figure S1D). For simplification purposes,
most of our discussion below focuses on the Met354 reso-Structure 20, 1519–15nance as a reporter for conformational changes in motif D,
but chemical shift changes for Met354 are generally accom-
panied by corresponding changes to the Met74 and Met225
resonances.
Comparison of PV RdRp crystal structures bound with RNA
before (PDB 3OL6) and after (PDB 3OL7) nucleotide incorpora-
tion indicated only a small (1.4 A˚) change in the position of the
terminal methyl group of Met354 (Gong and Peersen, 2010).
Other Met probes, including Met6, Met74, and Met225, that
show chemical shift changes upon formation of the ternary
complex also do not show appreciable changes to their confor-
mations or surrounding protein environments when comparing
these crystal structures (Gong and Peersen, 2010) (Figures 1D
and 1E). These results suggest that there are additional con-
formational changes in PV RdRp observed in solution upon
formation of the RdRp-RNA-NTP complex that may not be re-
ported by the X-ray crystal structures. Such changes may be
required to form the catalytically relevant ‘‘closed’’ state (step
2 of the kinetic mechanism, Figure 1A) that may involve the repo-
sitioning of the general acid in motif D.
Mechanism of Active-Site Closure
We previously suggested that the motif-D lysine in RdRps plays
an analogous role to His1085 in the trigger loop of yeast RNA
polymerase II (Castro et al., 2009). The interaction between
His1085 and the b-phosphate of the incoming NTP is critical
for the structural completion of the active site (Wang et al.,
2006). It has also been suggested that proton transfer from
His1085 to the pyrophosphate leaving group links substrate
recognition to catalysis, and could potentially trigger transloca-
tion (Wang et al., 2006). The general acid lysine on the O/P
helix of A/B family DNA polymerases, or the motif-D lysine in
RdRps and RTs could fulfill a similar function to that of
His1085. Achieving the closed conformation in RdRps may
thus depend on the protonation state of the motif-D lysine.
For this reason, we investigated the influence of pH on the
ε-13CH3-Met NMR spectra of both free PV RdRp (Figure S2A)
and RdRp bound with RNA and UTP (Figure 2A; Figure S2B).
It should be noted that unlike other nucleic acid polymerases,
the PV RdRp-RNA complexes are very stable toward pH
changes (Arnold and Cameron, 2000; Castro et al., 2009),
although we were limited to pH <10 since Mg2+ precipitates
out of solution at higher pH values. For ligand-free PV RdRp,
only Met6 changed chemical shift in response to differences
in pH (Figure S2A). The RdRp-RNA-UTP complex showed
additional changes to the NMR spectrum as pH was increased.
At higher pH values (pH 8.5, 9.7), Met354 gave two resonances
(Figure 2A inset; Figure S2B), suggesting that motif D is fluctu-
ating on the slow NMR chemical shift timescale [i.e., <180 s-1,
which is on the same order of timescale as the prechemistry
conformational change determined previously using stopped-
flow (Arnold and Cameron, 2004)]. We used the relative inten-
sity of the Met354 resonance (using the only observed
Met354 resonance at pH 6.1) at the different pH values to esti-
mate a pKa (9.2) for the motif-D conformational change in PV
RdRp (Figure 2A).
The estimated pKa would be consistent with the involvement
of the motif-D lysine in the pH-dependent chemical shift
changes in the RdRp-RNA-NTP complex. To further test this27, September 5, 2012 ª2012 Elsevier Ltd All rights reserved 1521
Figure 3. The Equilibrium Position of Motif D Is Altered in Response
to Binding of an Incorrect Nucleotide and Correlates with Reduced
Catalytic Efficiency
(A) Comparison of Met resonances between WT RdRp-RNA complexes in the
presence of correct nucleotide, UTP (black), or incorrect nucleotide, CTP (red).
(B) The difference in polymerase fidelity between WT and K359R PV RdRp is
not due to gross structural differences between the enzymes. Met resonances
for WT (black) and K359R (red) RdRp-RNA binary complexes in the presence
of incorrect CTP. Spectra were collected at 293 K with 245 mM RdRp, 500 mM
RNA, and 4mMUTP (WT and K359R), 8mMCTP (WT), or 12mMCTP (K359R).
See also Figure S3.
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Motif D of the Viral RdRpproposal, we carried out similar pH studies with the K359R
mutant of PV RdRp (Figure 2B). In this case, the RdRp-RNA-
NTP complex spectra at lower and higher pH were nearly iden-
tical, except for a chemical shift change to Met6 (Figure 2B).
The lack of chemical shift changes at higher pH is consistent
with the higher pKa value (12) expected for Arg.
It should be noted that while the pH dependencies of wild-type
(WT) and K359R PV RdRp are different, their spectra are nearly
identical at pH 8.0 in their ligand-free form, bound with RNA
(Figures S2C andS2D) and boundwith RNA andNTP (Figure 2C).
This finding is critical because it suggests that the previously
determined differences in the catalytic function for the K359R
mutant [e.g., K359R PV RdRp has a 20-fold decrease in kpol
(Castro et al., 2009)] are due only to the change in the nature of
the amino acid side chain at position 359, and not due to gross
structural rearrangements of the enzyme.
While Arg at position 359 would be able to hydrogen bond
with the b-phosphate of the incoming NTP, the side chain of an
amino acid such as Met would not. A substitution to Met at
position 359 would also potentially provide another NMR
spectral probe to monitor structural changes in motif D. The
K359M substitution results in an additional, very intense reso-
nance with similar chemical shifts as the free Met amino acid,
indicating that Met359 is very solvent exposed (Figure S2E).
However, titration of PV K359M RdRp with RNA and/or nucleo-
tide did not result in any major chemical shift changes to the
Met359 resonance. Moreover, the K359M RdRp failed to
achieve the closed state of the enzyme as monitored by the
lack of a large chemical shift change in Met354 (and smaller
chemical shift changes to Met6, Met74 and Met225) upon for-
mation of the RdRp-RNA-UTP complex (Figure 2D). However,
K359M RdRp still binds UTP, as evidenced by the smaller Met
chemical shift changes from RNA binary complex, and we
would expect a similar Kd,app for NTP binding as the K359L
RdRp (Kd,app700 mM; [UTP] >4 mM; Castro et al., 2009). These
findings further support the notion that the structural rearrange-1522 Structure 20, 1519–1527, September 5, 2012 ª2012 Elsevier Ltments reported by the chemical shift changes in WT RdRp
required to form the RNA-UTP complex are dependent on the
nature of the side chain at residue 359.
We also tested the importance of the nucleotide b-phosphate
to the formation of the closed conformation (Figures S2F and
S2H). Intriguingly, formation of the RdRp-RNA-UDP complex
resulted in chemical shift changes similar to that observed for
the RdRp-RNA-UTP, but formation of the RdRp-RNA-UMP
complex did not (UMP is bound as evidenced by the chemical
shift change to Met6, Figure S2G). These results strongly
suggest that an interaction between the b-phosphate and the
enzyme (likely through Lys359) is critical for the achievement of
the closed state.
Motif D Structure Is Sensitive to Incorrect NTP Binding
Achievement of the closed, active state in RdRps, especially the
position of motif D, should be dependent on the nature of the
incoming nucleotide (correct versus incorrect) as previously
observed in DNA polymerases and the O/P helix (Franklin
et al., 2001; Johnson and Beese, 2004; Kiefer et al., 1998; Wu
and Beese, 2011). As such, we extended our NMR titration
studies to ternary complexes bound with incorrect nucleotides
(i.e., GTP, ATP, andCTP templated by AMP). Binding of incorrect
nucleotide(s) resulted in chemical shift changes from the RdRp-
RNA binary complex, but these changes were distinct from the
RdRp-RNA-NTP ternary complex with correct UTP bound (Fig-
ure 3; Figure S3). In particular, binding of correct nucleotide
elicits a large chemical shift change to Met354 consistent with
a conformational change in motif D in preparation for catalysis,
whereas incorrect nucleotide binding fails to stimulate the large
Met354 chemical shift change, suggesting that complex closure
is defective with incorrect nucleotide bound.
Binding of incorrect nucleotide appears to perturb the posi-
tion of motif D and shift the conformational equilibrium away
from the closed, active state (i.e., shift the equilibrium to the
left in step 2 of the kinetic mechanism, Figure 1A). The chemical
shift differences in the RdRp-RNA-NTP ternary complexes
bound with correct and incorrect nucleotide may further
suggest that incorrect nucleotide incorporation proceeds
through a distinct RdRp conformation compared to correct
nucleotide incorporation, as previously suggested for T7 DNA
polymerase (Tsai and Johnson, 2006). Closure of the active
site may also be slower and contribute more to the overall
rate for incorrect nucleotide incorporation, or stated in another
way, chemistry would make less of a contribution to the overall
rate. To assess the overall rate contribution of chemistry (step 3
in Figure 1A), we measured the solvent deuterium kinetic
isotope effect (SDKIE defined as kpol[H2O]/kpol[D2O]) for guano-
sine monophosphate (GMP) misincorporation templated by
UMP (Figure 4A; Figure S4). The SDKIE reflects in part the
donation of a proton from the active-site acid Lys359 to the
pyrophosphate group (Castro et al., 2009), and thus, a lower
SDKIE is expected if the chemistry step makes less of a con-
tribution to the overall rate. Indeed, the SDKIE for incorrect
GMP incorporation (1.3) was lower than for correct AMP
incorporation (3) (Castro et al., 2007) (Figure 4A). The SDKIE
approaching unity for misincorporation suggests defects in
the formation of a closed complex prior to chemistry, consis-
tent with the NMR data.d All rights reserved
Figure 4. The Kinetics of Nucleotide Incorporation Are Perturbed
Both before and after Incorrect Nucleotide Misincorporation
(A) The solvent deuterium kinetic isotope effect (SDKIE) for nucleotide mis-
incorporation is much smaller than for correct incorporation. Values of kpol for
GMP misincorporation templated by U were 0.009 s-1 or 0.007 s-1 in H2O or
D2O, respectively, revealing a SDKIE of 1.3. By comparison, the SDKIE
for corrrect AMP incorporation was 3 (Castro et al., 2009). The SDKIE
approaching unity for misincorporation suggests defects in formation of a
closed complex prior to chemistry, consistent with suppression of NMR
chemical shift changes upon binding of an incorrect nucleotide shown. Error
bars represent SD based on two independent experiments.
(B) The kinetics of correct nucleotide incorporation are severely perturbed by
the presence of a mispaired primer terminus. The value for kpol was depressed
and Kd,app was elevated, resulting in one to two orders of magnitude decrease
in catalytic efficiency, kpol/Kd,app, relative to the kinetic performance in the
presence of a correct RNA primer terminus (Arnold and Cameron, 2004).
(C) Presence of a mispaired primer terminus results in the absence of a solvent
deuterium kinetic isotope effect (SDKIE) for correct nucleotide incorporation.
Indistinguishable values for kobs in H2O and D2O suggest kinetic masking of
the chemistry step by a slow, perturbed prechemistry conformational re-
arrangement. Absence of a SDKIE for correct incorporation is again consistent
with defective complex closure revealed by NMR.
See also Figure S4.
Structure
Motif D of the Viral RdRpMotif D Is Sensitive to Mismatches at the RNA Terminus
For DNA polymerases, it is known that misinsertion of nucleo-
tides can have a profound effect on subsequent DNA extension
(Johnson and Beese, 2004; Kunkel and Bebenek, 2000) by
perturbing the closure of the active-site (Johnson and Beese,
2004). We expected that PV RdRp would behave in a similar
manner, and that specifically, the conformation of motif D would
be impacted. In this case, we preincubated PV RdRp with RNA
and 30-dGTP to generate a terminal G:U mispair and 30 block
of the RNA (Figure S1B). Following a desalting column to remove
excess 30-dGTP, UTP (the next correct nucleotide) was then
added to generate the ternary complex (Figure 5; Figure S5).
The ternary complex with the G:U terminal mismatch in the
RNA substrate did not result in the same chemical shift changesStructure 20, 1519–15to Met354 and other methionine resonances as the ternary
complex with the correct A:U Watson-Crick base pair. Rather,
the Met resonance chemical shifts were similar to that of PV
RdRp bound with RNA and incorrect incoming nucleotide (Fig-
ure S5F). Thus, similar to incorrect nucleotide binding, motif D
is likely not achieving a conformation conducive to catalysis.
The nature of the terminal base pair of the RNA primer/
template substrate also has a significant influence on the kinetics
of nucleotide incorporation. Chemical-quench flow assays for
correct UMP incorporation in the presence of a G:U mispaired
RNA terminus revealed the kpol value, the maximal rate constant
for nucleotide incorporation, and the Kd,app value, the apparent
dissociation constant for UTP binding to the RdRp-RNA binary
complex, to be 20 ± 1 s-1 and 2,400 ± 200 mM, respectively (Fig-
ure 4B). Comparison to kinetic parameters for correct nucleotide
incorporation in the presence of correct, Watson-Crick base-
paired RNA termini (Arnold and Cameron, 2004) suggests that
a terminal mispair leads to depression of kpol and elevation
of Kd,app by several- to approximately 10-fold, resulting in
decreased catalytic efficiency, kpol/Kd,app, by one to two orders
of magnitude. The finding that a SDKIE for correct nucleotide
incorporation is absent when the RNA terminus is mispaired
(Figure 4C), whereas the SDKIE is 3 when the RNA terminus
consists of a correct base pair (Castro et al., 2009), indicates
that chemistry is no longer rate limiting and suggests a rate-
limiting conformational change. An incorrect nucleotide at
the primer terminus also destabilizes the RdRp-RNA complex
(Figure S4). Taken together, these kinetic data suggest that an
incorrect nucleotide at the RNA primer terminus perturbs PV
RdRp interactions with its substrates, in agreement with the
NMR chemical shift findings described above.
An alternative interpretation of the NMR results would be
that PV RdRp becomes ‘‘locked’’ in a pretranslocated state
following nucleotide incorporation into RNA primer with a
mismatch. One way to rule out this interpretation is to monitor
the rate of the reverse reaction i.e., pyrophosphorolysis. We
would expect active-site closure to be perturbed in both forward
and reverse directions and thus, decrease pyrophosphorolysis.
Indeed, PV RdRp was unable to utilize the pyrophosphate (PPi)
substrate to accomplish pyrophosphorolysis when incorrect
G resided at the primer terminus (Figure 5B).
Mutation of the Motif-D Lysine Leads to Higher
RdRp Fidelity
The protonation state of the motif-D lysine appears to govern the
prechemistry conformational changes necessary for the closure
of the active site in preparation for catalysis, and active-site
closure is highly dependent on the nature of the RNA primer
terminus and the incoming nucleotide. Changes to the motif-D
lysine may thus also result in changes in nucleotide discrimina-
tion and polymerase fidelity. Our previous studies indicated
that mutations to PV RdRp Lys359 can lower kpol (up to 10-
fold) and/or increase Kd,app (up to4-fold) for correct nucleotide
insertion (in this case, ATP) compared toWT RdRp (Castro et al.,
2009). Here, we have expanded these studies to compare the
kinetics for incorrect nucleotide incorporation, either incorrect
sugar (20-dATP) or incorrect nucleobase (GTP) (Table 1).
The K359R substitution of RdRp discriminated much more
against incorrect nucleotide compared to WT RdRp (Table 1).27, September 5, 2012 ª2012 Elsevier Ltd All rights reserved 1523
Figure 5. A Mispaired Primer Terminus in the
RdRp-RNA Binary Complex Results in Perturbed
Equilibrium Positioning of Motif D upon Correct
Nucleotide Binding
(A) The Met resonance positions for complexes having
mispaired RNA termini (G:U) and next correct UTP binding
are shown (green) along with Met resonance positions for
complexes bound with correct RNA termini (A:U) and UTP
(black). This comparison reveals the perturbing influence
of the mispaired RNA terminus. Spectra were collected at
293 K with RdRp (245 mM), RNA (500 mM), and UTP where
included (4mMwith correct primer terminus or 13mMwith
incorrect primer terminus).
(B) The PV RdRp reverse reaction (pyrophosphorolysis) is
inhibited by the presence of an incorrect base at the RNA
primer 30 terminus.WT PVRdRp (1 mM)was added to 50-32P-labeled RNA (0.5 mM)with incorrect (S/S-UG, Figure S4) or correct (S/S-UA) 30 -terminating base and
pyrophosphate, PPi (500 mM). After varying amounts of time reactions were quenched by addition of EDTA (50mM). S/S-UA is the same as S/S-UG except with A
instead of G at RNA 30 terminus (opposite templating base U). RNA reaction products were resolved by denaturing PAGE and visualized by phosphorimaging. The
11-mer RNA primer is indicated by an arrow. WT PV RdRp was unable to utilize the PPi substrate to accomplish pyrophosphorolysis when incorrect G resided at
the primer terminus, but was when correct A was present in the primer terminal position.
See also Figure S5.
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Motif D of the Viral RdRpThe fidelity of nucleotide incorporation was substantially
increased for the K359R (kobs,correct/kobs,incorrect for GTP =
25,000) mutant compared to WT RdRp (kobs,correct/kobs,incorrect
for GTP = 5,000). However, similar to WT RdRp (Arnold and
Cameron, 2004), K359R was less able to discriminate against
the incorrect sugar configuration (kobs,correct/kobs,incorrect for
20-dATP = 500 for K359R) compared to the incorrect nucleo-
base. Changes in function and fidelity induced by the K359R
mutation are not due to any gross structural rearrangements
in the active site, considering that the NMR spectra for the
ternary complexes of WT and K359R RdRp bound with correct
(Figure 2C) and incorrect (Figure 3B; Figures S3C and S3D)
nucleotide essentially overlap. These results place the motif-D
lysine in a central role for both catalytic efficiency and nucleotide
incorporation fidelity in RdRp and by inference, RT enzymes.
DISCUSSION
Processive, faithful addition of nucleotides by DNA and RNA
polymerases is essential for maintenance and expression of
the genomes of all organisms. Studies of A- and B-family poly-
merases have shown that distinct conformational states of
a single helix (O and P, respectively) are associated with each
step of the nucleotide-addition cycle (Beard and Wilson, 2003;
Franklin et al., 2001; Johnson and Beese, 2004; Kiefer et al.,Table 1. The Motif-D Lysine Is a Molecular Determinant of RdRp
Fidelity
Enzyme NTPa kobs (s
1) kobs,cor/ kobs,incor
WT ATP 50 ± 5 —
GTP 0.010 ± 0.001 5,000
20-dATP 0.50 ± 0.05 100
K359R ATP 5.0 ± 0.5 —
GTP 0.0002 25,000
20-dATP 0.010 ± 0.001 500
aThese assays all used S/S-U RNA (Figure S4), in which case ATP is the
‘‘correct’’ incoming nucleotide.
1524 Structure 20, 1519–1527, September 5, 2012 ª2012 Elsevier Lt1998; Li et al., 1998; Wu and Beese, 2011; Yin and Steitz,
2004). Binding of incorrect or nonnatural nucleotides prevents
helix O/P from achieving its closed state, leading to reduced
incorporation efficiency (Johnson and Beese, 2004; Wu and
Beese, 2011). Once a nucleotide is incorporated, a conforma-
tional change of helix O/P facilitates pyrophosphate release,
which may also be linked to translocation (Johnson et al.,
2003; Kiefer et al., 1998; Yin and Steitz, 2004). RdRps and RTs
lack a corresponding helix O/P (O’Reilly and Kao, 1998). The
motivation for this study was to identify the helix O/P equivalent
in RdRps and, by inference, RTs.
The catalytic site, in the so-called palm subdomain, of RdRps
and RTs superimposes quite well with A- and B-family polymer-
ases (Hansen et al., 1997; Kohlstaedt et al., 1992; Singh and
Modak, 1998). Unique to RdRps and RTs is a flexible loop
referred to as conserved structural motif D. Since the first
structures of RdRps and RTs appeared, motif D has been
considered ‘‘scaffolding’’ for the palm (Hansen et al., 1997;
Kohlstaedt et al., 1992; O’Reilly and Kao, 1998). Recently, we
showed that motif D of RdRps and RTs contain a lysine that
protonates the pyrophosphate leaving group, thus accelerating
catalysis (Castro et al., 2009). That study revealed an analogous
lysine on helix O/P of A- and B-family polymerases (Castro
et al., 2009). Therefore, motif D may be the functional equivalent
of helix O/P.
In general, X-ray crystal structural studies of RdRps and
RTs have failed to reveal a conformational change of motif D of
sufficient magnitude to place the conserved lysine within reach
of the b-phosphate of the nucleotide substrate (Ferrer-Orta
et al., 2007; Gong and Peersen, 2010; Zamyatkin et al., 2009);
one exception exists (Gillis et al., 2008). A similar circumstance
existedwhen some of the highest resolution structures appeared
for the DNA polymerases. For example, in one case, helix O
occluded the nucleotide-binding pocket (Kiefer et al., 1998).
Removal of crystal packing restraints was necessary to permit
the full range of motion of helix O to be observed crystallograph-
ically (Johnson et al., 2003). The use of solution NMR to study
conformational changes during the nucleotide-addition cycle
should not suffer these complications.d All rights reserved
Figure 6. Conformational Changes Associated with the General
Acid of Nucleic Acid Polymerases
Our NMR data are consistent with movement of Lys359 of PV RdRp from the
open (orange) to closed (green) conformation shown in the panel on the left.
We propose that all RdRps and RTs undergo a similar conformational change.
The conformations shown derive from structural data for Norovirus RdRp
(apo: 1SH0; liganded: 3BSO) (Zamyatkin et al., 2008). Most replicative DNA
polymerases of animal cells and their viruses belong to the B family. The
general acid of this family undergoes a similar open-to-closed transition. The
conformations shown derive from structural data for RB69 DdDp (apo: 1IH7;
liganded: 1IG9) (Franklin et al., 2001). Ligands include (d)NTP and divalent
metal ions (purple spheres).
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Motif D of the Viral RdRpWe have used methyl-13C-labeled methionines as NMR
probes (Yang et al., 2010) to identify conformational changes
of the PV RdRp that occur in response to nucleotide binding
on the path to formation of a catalytically competent state.
Met354 is located in motif D in the vicinity of the general acid
(Lys359) and has been a very informative probe for the confor-
mation/equilibrium position of motif D (Figure 1D). Formation of
the closed, catalytically competent RdRp-RNA-NTP complex,
as monitored by the Met354 resonance, requires hydrogen
bonding between the b-phosphate of incoming NTP and the
lysine at position 359 (Figure S2). The protonation state of
Lys359 is also critical for achievement of the closed conforma-
tion (Figure 2). The ability of motif D to achieve the closed con-
formation is antagonized by binding of an incorrect nucleotide
(Figure 3). Indeed, closure of motif D may be rate limiting for
nucleotide misincorporation (Figure 4). Unexpectedly, the ability
of motif D to form the closed state continues to be affected after
misincorporation (Figure 5), perhaps again contributing to the
rate-limiting step for incorporation (Figure 4). These studies link
the conformation of motif D to the efficiency and fidelity of
nucleotide addition. Consistent with these NMR observations
is the recent findings that MD simulations predict extraordinarily
high flexibility and mobility for motif D (Moustafa et al., 2011).
Moreover, NMR studies on the cystoviral RdRp have demon-
strated that Ile488 in motif D undergoes conformational
exchange on the same timescale as catalysis (Ren et al.,
2010). The responses of motif D to the nature of the bound nucle-
otide and complementarity of the basepairing at the primer
terminus are remarkably similar to the responses of helix O/P
to these same circumstances (Franklin et al., 2001; Johnson
and Beese, 2004; Johnson et al., 2003; Kaushik et al., 1996;
Kiefer et al., 1998; Tahirov et al., 2002; Temiakov et al., 2004;
Wu and Beese, 2011; Yin and Steitz, 2002). Mutations on motifStructure 20, 1519–15D (i.e., to Lys359) also impact polymerase fidelity similar tomuta-
tions on helix O/P in DNA polymerases (Bell et al., 1997; Suzuki
et al., 1997, 2000). We conclude that motif D is the functional
equivalent of helix O/P (Figure 6).
It is unclear why X-ray crystal structures of PV RdRp and
related enzymes have failed to reveal a conformation of motif
D that positions Lys359 to participate in catalysis. None of
the methyl-13C-labeled methionines whose resonances change
in response to nucleotide binding show a change in the ‘‘open-
to-closed’’ transition of PV RdRp observed crystallographically
(Figure 1C). Superposition of the spectra for wild-type and the
K359R derivative of PV RdRp show that the general architecture
of their ternary complexes is identical (Figure 2C). This observa-
tion is consistent with the more than 10-fold reduction in the
rate constant for nucleotide incorporation measured for the
K359R derivative of PV RdRp resulting solely from the elevated
pKa of this residue and the corresponding reduction in the
ability of Arg to protonate the pyrophosphate leaving group
(Castro et al., 2009). Such a function could only occur if position
359 interacts directly with NTP.
Recent molecular dynamics simulations of the RT from human
immunodeficiency virus (HIV) revealed movement of the motif-D
lysine (Lys220) into the active site (Michielssens et al., 2011).
This substantial conformational change of Lys220 required
simulation on the microsecond timescale for observation (Mich-
ielssens et al., 2011). Hydrogen/deuterium-exchange mass
spectrometry experiments (Seckler et al., 2009) also suggest
that motif D in HIV RT is conformationally dynamic across longer
timescales. Quantum and molecular mechanics calculations
provide additional evidence for the use of Lys220 as a general
acid in RT-catalzyed nucleotidyl transfer (Michielssens et al.,
2011). Collectively, these data provide support for movement
of motif D of HIV RT into the active site as suggested here for
PV RdRp.
Studies of PV have shown that increasing the fidelity of its
RdRp leads to restricted population diversity causing attenua-
tion of the virus (Pfeiffer and Kirkegaard, 2005; Vignuzzi et al.,
2006). These high-fidelity variants of PV have been shown to
serve as vaccine strains (Vignuzzi et al., 2008). In our studies
of the high fidelity Gly64Ser derivative of PV RdRp, we observed
that binding of an incorrect nucleotide caused conformational
differences in motif D relative to the wild-type enzyme, consis-
tent with the position of motif D contributing to the fidelity of
nucleotide incorporation (Yang et al., 2010). How Gly64 and
motif D communicate is not completely clear, but both the
NMR data (Yang et al., 2010) and MD simulations (Moustafa
et al., 2011) suggest the existence of a network of interacting
residues that connect residues of related function, even resi-
dues as far as 20 A˚ apart. In this regard, it is worth noting that
the Sabin type 1 PV vaccine strain includes RdRp mutations
Tyr73His (i.e., next to Met74) and Thr362Ile (near motif D) (Nom-
oto et al., 1982); both Met74 and Met354 are responsive to RNA
and nucleotide binding, and MD simulations show that the
motions of motif D and the a helix containing Tyr73/Met74 are
strongly anti-correlated (Moustafa et al., 2011). The mechanism
of Sabin type 1 remains unclear (Racaniello, 2006). It is tempting
to speculate that mutations to Tyr73 and/or Thr362 alter the
conformational dynamics of motif D, and consequentially
RdRp fidelity, thereby contributing to the attenuated phenotype27, September 5, 2012 ª2012 Elsevier Ltd All rights reserved 1525
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Motif D of the Viral RdRpof Sabin type 1. Likewise, mutations of the motif-D lysine of
RdRps and RTs that result in changes to polymerase fidelity
may underpin a general strategy for the rational design of live,
attenuated vaccine strains. These targeted strategies can
complement more genome-wide approaches (e.g., Coleman
et al., 2008).
EXPERIMENTAL PROCEDURES
Expression and Purification of PV RdRp
The PV RdRp constructs in this work contain the L446D and R455D mutations
on the thumb subdomain and were expressed and purified using previously
published procedures (Arnold et al., 2006; Arnold and Cameron, 2000; Gohara
et al., 1999; Yang et al., 2010).
NMR Sample Preparation
NMR sample preparation followed previously published procedures (Yang
et al., 2010) with any modifications indicated in the Supplementary Methods.
All NMR experiments were performed at 293 K on a Bruker Avance III
600MHz spectrometer equipped with a 5 mm ‘‘inverse detection’’ triple-
resonance (1H/13C/15N) single axis gradient TCI cryoprobe similar to previous
procedures (Yang et al., 2010).
Kinetic Analysis of WT PV RdRp and Lys359 Derivatives
Nucleotide-incorporation experiments were performed essentially as
described previously (Arnold and Cameron, 2004; Castro et al., 2009). All
details, including modifications, are provided in the Supplemental Information.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.str.2012.06.012.
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